We propose a new mechanism for generating matter-antimatter asymmetry via the interference of tree-level diagrams only. We first derive a general result that a nonzero CP -asymmetry can be generated via at least two sets of interfering tree-level diagrams involving either 2 → 2 or 1 → N (with N ≥ 3) processes. We illustrate this point in a simple TeV-scale extension of the Standard Model with an inert Higgs doublet and right-handed neutrinos, along with an electroweak-triplet scalar field. The imaginary part needed for the required CP -asymmetry comes from the trilinear coupling of the inert-doublet with the triplet scalar. Small Majorana neutrino masses are generated by both scotogenic and type-II seesaw mechanisms. The real part of the neutral component of the inert-doublet serves as a cold dark matter candidate. The evolutions of the dark matter relic density and the baryon asymmetry are intimately related in this scenario.
Introduction.-The observed asymmetry between the number densities of baryonic matter and antimatter in the universe [1] cannot be accounted for in the Standard Model (SM). Therefore, a viable baryogenesis mechanism is an essential ingredient for the success of any beyond SM physics scenario. The dynamical generation of baryon asymmetry requires three basic Sakharov conditions [2] to be satisfied: (i) baryon number violation, (ii) C and CP violation, and (iii) out-of-equilibrium dynamics. A well-known mechanism that satisfies these conditions is the out-of-equilibrium and CP violating 1 → 2 decays of a heavy particle, such as in GUT baryogenesis [3, 4] or leptogenesis [5] (for reviews, see e.g. Refs. [6, 7] ). To obtain a baryon/lepton asymmetry in the out-of-equilibrium baryon/lepton number violating 1 → 2 decays of heavy particles, one must consider the interference between tree-level diagrams and higher-order loop diagrams. Furthermore, some particles in the loop must be able to go on-shell, and the interaction between the intermediate on-shell particles and the final particles should correspond to a net change in baryon/lepton number for the net asymmetry to be nonzero [8] (see also Refs. [9, 10] ). Similar interference effects between tree and loop-level diagrams have also been considered for generating the baryon asymmetry from 2 → 2 scattering [11] [12] [13] [14] or annihilation [15] [16] [17] [18] [19] processes.
In this letter, we argue that the interference between tree and loop diagrams is not the only way to generate a nonzero asymmetry from out-of-equilibrium heavy particle decays/annihilations. We propose a new mechanism where it suffices to consider two sets of interfering diagrams at the tree-level only. The simplest solution is through the tree-level 2 → 2 scattering or 1 → N (with N ≥ 3) decay processes. In the next section, we discuss the general framework in which this can be realized. Then we will consider a simple 2 → 2 scattering model for leptogenesis to illustrate our main point.
Asymmetry generation without loops.-We claim that a net lepton or baryon number asymmetry can be generated from the interference effect of two sets of treelevel decay or scattering diagrams with the same initial and final states, as long as the following two conditions are satisfied:
(i) There is a net nonzero lepton or baryon number between the initial and final states. 1 (ii) At least one set of the decay or scattering amplitudes is complex such that the squared amplitudes for particles and antiparticles are different, giving rise to a net CP -asymmetry.
The simplest way to achieve this is through 2 → 2 scatterings (or 1 → 3 decays) involving two different intermediate-state particles, with the outgoing particles (or decay products) carrying a net nonzero baryon or lepton number. Without loss of generality, we focus on the simplest 2 → 2 scattering case with the initial states i 1 , i 2 and with only two subprocesses for the final states f 1 , f 2 (here i 1,2 and f 1,2 generically stand for for bosons and/or fermions), mediated by intermediate-state particles of mass m 1 and m 2 , respectively; see Fig. 1 . The total amplitude for the final state particles f 1 f 2 is
where C i contains only the couplings and M i is the rest of the amplitude. The corresponding amplitude for the anti-particlesf 1f2 (with the same initial state i 1 i 2 ) is
Comparing the modular square of the amplitudes, we obtain the CP asymmetry factor
FIG. 1. Generic schematic diagrams for tree-level 2 ! 2 processes that are responsible for lepton or baryon asymmetry generation. i1,2 and f1,2 are respectively the initial and final states, and m1,2 are the mediators.
where Im[C 1 C ⇤ 2 ] is the imaginary part coming from the couplings, which is required to be non-zero for CP violation, whereas Im[M 1 M ⇤ 2 ] incorporates the imaginary part from the sub-amplitudes M 1, 2 , which is reminiscent of the imaginary part coming from the interference of tree and loop diagrams in the 1 ! 2 decay scenario. Therefore, complex couplings are not su cient (although necessary for CP violation) for realizing 6 = 0. Eq. (3) is a general result applicable to 2 ! 2 scatterings, as well as 1 ! N decays (for N 3). Note that for 1 ! 2 decays, the tree-level decay rates for f 1 f 2 andf 1f2 final states are both proportional to the modular square of the same coupling, thus making = 0. Therefore, one must consider the interference between tree and loop diagrams to generate a non-zero CP asymmetry in the 1 ! 2 decays.
In the tree-level 2 ! 2 processes we have only one source for the complex sub-amplitudes, which is the mediator widths and exists in all the s-, t-and u-channel diagrams. In general the sub-amplitudes M 1, 2 can be written in the form of
with j = 1, 2, x j = s, t, u the Mandelstam variables, m j and j respectively the mediator masses and widths, and A j arbitrary real expression. It is then trivial to get the imaginary component:
As long as (x 1 m 2 1 )m 2 2 6 = (x 2 m 2 2 )m 1 1 in Eq. (7), then with the imaginary couplings Im[C 1 C ⇤ 2 ] 6 = 0, we can produce non-zero asymmetry 6 = 0. This is the most general argument and does not depend on the specific channels of the two sub-processes or the model details.
The expression in Eq. (7) applies also to the 1 ! 3 decay case.
i) If the two sub-processes are both in the s-channel, as shown in (a) and (b) of Fig. 1 , one just need to replace x 1, 2 by s in Eq. (7) . It is clear that the asymmetry factor can be largely enhanced in vicinity of the resonance(s), with s m 2 i ⇠ m i i (with i = 1, 2), which is in some sense similar to the enhancement e↵ect in resonant leptogenesis [20] .
ii) If one of the sub-amplitudes is in the s-channel and the other one in the t-or u-channel, which is (a)+(d) or (b)+(c) in Fig. 1 , then it is in general a good approximation to neglect the imaginary part for the t-or u-channel propagator. For concreteness we take M 1 to be in the s-channel and M 2 in the x-channel (x = t or u). In this case the imaginary sub-amplitudes can be slightly simplified:
which is proportional to the s-channel mediator width 1 . It could also be largely enhanced at the s-channel resonance, i.e. s m 2 1 ⇠ m 1 1 . iii) If the two sub-processes are both in the t-or uchannel, which is (c)+(d) in Fig. 1 , then the width terms in the denominator of Eq. (7) can be neglected, i.e.
and asymmetry is suppressed by the widths via the ratio m i i /(x j m 2 j ) with i, j = 1, 2. Scotogenic type-II seesaw.-We apply the tree-level generation of matter-antimatter asymmetry to a minimal realistic extension of SM, i.e. the amalgamation of scotogenic model [21] and type-II seesaw mechanism [22] [23] [24] [25] [26] [27] . For the purpose of scotogenic mechanism, an inert doublet ⌘ and three RHNs N i are introduced; to implement type-II seesaw, an isopin triplet is added to the scalar sector. Written with the full components, the beyond SM scalars read, with the quantum numbers under the SM SU (2) L ⇥ U (1) Y group put in the parenthesis:
The inert doublet ⌘ and the three RHNs N i are odd under the discrete Z 2 symmetry, while all other particles are even. In this model we assume the RHNs are heavier than the ⌘ scalars, then the lightest neutral component from ⌘ plays the role of DM particle. The Yukawa couplings is given by the Lagrangian
with L the SM charged lepton doublets (C the charge conjugation operator),⌘ = i 2 ⌘, ↵, = e, µ, ⌧ the lepton flavor indices, and i = 1, 2, 3 the mass index for where Im[C 1 C * 2 ] is the imaginary part coming from the couplings, which is required to be nonzero for CP violation, and Im[M 1 M * 2 ] incorporates the imaginary part from the sub-amplitudes M 1, 2 , which is reminiscent of the imaginary part coming from the interference of tree and loop diagrams in the 1 → 2 decay scenario. Note that for 1 → 2 decays, the tree-level decay rates for f 1 f 2 andf 1f2 final states are both proportional to the modular square of the same coupling, which implies δ = 0. Eq. (3) is a general result applicable to 2 → 2 scatterings, as well as 1 → N decays (for N ≥ 3).
In the tree-level 2 → 2 processes shown in Fig. 1 , we have only one source for the complex sub-amplitudes, which is due to the finite widths of the mediators. 2 In general, the sub-amplitudes M 1, 2 can be written as
with j = 1, 2, x j = s, t, u the Mandelstam variables, m j and Γ j respectively the mediator masses and widths, and A j some arbitrary real parameters. The imaginary component of the product of amplitudes appearing in Eq.
(3) can then be written as
which is non-vanishing as long as (
With the imaginary part of the couplings 2 One may argue that the finite width is also a loop-induced effect for unstable particle decays, since it is related to the imaginary part of the self-energy [22, 23] . However, the crux of our discussion is that we only require a nonzero width, whereas the 1 → 2 decay case needs both nonzero width and interference between tree and loop (self-energy and/or vertex correction) diagrams.
Im[C 1 C * 2 ] = 0, we can then produce a nonzero asymmetry [cf. Eq. (3)]. This general argument holds, irrespective of the specific subprocesses or the model details.
For the tree-level topologies shown in Fig. 1 , we can have three distinct possibilities for the two subprocesses to realize Im[M 1 M * 2 ] = 0 in Eq. (5): i) If both subprocesses are in the s-channel [cf. Fig. 1 (a)+(b)], one just needs to replace x 1, 2 by s in Eq. (5) . In this case, the CP -asymmetry factor δ in Eq. (3) can be largely enhanced in the vicinity of the resonance(s), with s − m 2 i m i Γ i (with i = 1, 2), similar to the enhancement effect in resonant leptogenesis [24, 25] .
ii) If one of the sub-amplitudes is in the s-channel and the other one in the t-or u-channel [cf. Fig. 1 (a)+(d) or (b)+(c)], one can safely neglect the imaginary part for the t-or u-channel propagator. For concreteness, we take M 1 as the s-channel and M 2 as the x-channel (x = t or u) amplitude. In this case, Eq. (5) is simplified to
which is proportional to the s-channel mediator width Γ 1 .
Here also the CP -asymmetry could be largely enhanced at the s-channel resonance, i.e. s − m 2
, then the width terms in the denominator of Eq. (5) can be neglected, i.e.
As a result, the CP -asymmetry is suppressed by the ratio
In what follows, we will consider a concrete model realization for the case ii) and illustrate the baryon asymmetry generation with a few benchmark points (BPs).
The model.-To illustrate our tree-level mechanism in a minimal realistic extension of the SM, we consider an amalgamation of the scotogenic model [26] and type-II seesaw [27] [28] [29] [30] [31] . For the purpose of scotogenic mechanism, an inert SU (2) L -doublet scalar η ≡ (η + , η 0 ) and three right-handed neutrinos (RHNs) N i (with i = 1, 2, 3) are introduced. To implement type-II seesaw, an SU (2) Ltriplet scalar ∆ ≡ (∆ ++ , ∆ + , ∆ 0 ) is added. The inert doublet η and the three RHNs N i are odd under a discrete Z 2 symmetry, while all other particles are even. In this model, we assume the RHNs are heavier than the η scalars, thus the lightest neutral component η 0 plays the role of dark matter [26] . A nonminimal coupling of the inert doublet gravity can also successfully accommodate inflation [32] .
The relevant Yukawa couplings are given by the Lagrangian
with L ≡ (ν, ) being the SM lepton doublet, C the charge conjugation operator, η = iσ 2 η * (σ 2 being the second Pauli matrix), α, β = e, µ, τ the lepton flavor indices, and i = 1, 2, 3 the RHN indices. For simplicity, we assume there is no mixing nor CP phase in the RHN sector. The most general scalar potential for the SM Higgs doublet H ≡ (H + , H 0 ), inert doublet η and triplet ∆ is given by
where H = iσ 2 H * and the mass parameters µ 2 H, η, ∆ > 0 so that both H and ∆ obtain non-vanishing vacuum expectation values (VEVs), i.e. H 0 = v 246 GeV and ∆ 0 = v ∆ . The mass parameter µ η∆ is chosen to be complex, which is crucial for the CP -asymmetry [cf. Eq. (3)]. All other parameters in Eq. (9) are assumed to be real. The physical masses for the neutral and charged scalars can be obtained from the minimization of the potential (9) , which is detailed in the Appendix. Note that here the doublet η is odd under the Z 2 symmetry and does not mix the SM Higgs and the triplet, which is necessary for the neutral real component η R to be a stable DM candidate.
In this setup the neutrino mass is generated from both loop-level scotogenic and tree-level type-II seesaw mechanisms, which are induced respectively by the Yukawa couplings Y N and Y ∆ given in Eq. (8):
where Λ is an effective loop-suppressed RHN mass scale, given by [26, 33] 
We have assumed the RHNs do not mix with each other, therefore Λ is a diagonal matrix. The Yukawa couplings in Eq. (10) are related to the neutrino oscillation data, Λ and v ∆ as follows:
3
RHNs. For simplicity we assume there is no mixing and CP phase in the RHN sector. The most general scalar potential for the SM Higgs H = (H + , H 0 ) T , inert doublet ⌘ and the triplet is
whereH = i 2 H, the mass parameters µ 2 H, ⌘, > 0 which make sure the SM Higgs doublet H and the triplet obtain non-vanishing vacuum expectation values (VEVs), i.e. hH 0 i = v ' 246 GeV and h 0 i = v . The mass parameter µ ⌘ is complex, which is crucial for the matter asymmetry generation (see Eq. (17)). All the rest parameters in Eq. (10) are (assumed to be) real. All the masses for the real scalars, pseudo-scalars and the charged scalars can be obtained from the potential (10), which is detailed in the Appendix. Note that here the doublet ⌘ is odd under the Z 2 symmetry and does not mix the SM Higgs and the triplet, which is necessary for the neutral real component ⌘ R to be a stable DM candidate.
In this setup the neutrino mass is generated from both scotogenic and tree-level type-II seesaw mechanisms, which are induced respectively by the Yukawa couplings Y N and Y in Eq. (9):
where ⇤ is an e↵ective loop-suppressed RHN scale, given by [28] 
with M Ni the RHN masses. We have assumed the RHNs do not mix with each other, therefore ⇤ is a diagonal matrix. The Yukawa couplings in Eq. (11) are related to the neutrino oscillation data, ⇤ and v via
where b m ⌫ = {m ⌫1 , m ⌫2 , m ⌫3 } the diagonal neutrino mass eigenvalues, U PMNS the PMNS lepton mixing matrix. In Eq. (13) we have used the Casas-Ibarra parameterization [29] for the coupling Y N , with O an arbitrary orthogonal matrix. F I and F II are the fractions of contribution to neutrino masses matrix respectively from the radiative type-I seeesaw and tree-level type-II seesaw mechanisms, with F I + F II = 1. Lepton asymmetry generation.-As stated above, the matter asymmetry is generated from the interference e↵ects between two tree-level diagrams, which are shown in Fig. 2 for the scotogenic type-II seesaw model. In particular, the lepton asymmetry is generated in this case from the scattering process in the early universe:
which incorporates the processes ⌘ ± ⌘ ± !`↵` , ⌘ 0 ⌘ ± ! ↵ ⌫ and ⌘ 0 ⌘ 0 ! ⌫ ↵ ⌫ . These processes can be mediated by an s-channel triplet scalar , and also by RHNs N i in the t-and u-channels, as seen in Fig. 2 . In these processes we can produce either two units or minus two units of lepton numbers. Then it is straightforward to get the e↵ective asymmetry factor
where is the triplet scalar width and we have included both the t-and u-channels for the RHN-mediated processes. Here the imaginary part comes purely from the combinations of the Yukawa couplings Y N , Y and the mass parameter µ ⌘ , which can be parameterized as X
Note that the O matrix might also be complex, thus contributing to the imaginary part in Eq. (17) and the asymmetry factor in Eq. (16) ,
The genesis of leptonic asymmetry is then governed by the Boltzmann equations:
2X L X eq r 2 ⌘ h vi tot (⌘⌘ ! LL) where m ν = {m ν1 , m ν2 , m ν3 } the diagonal neutrino mass eigenvalues, and U PMNS the PMNS lepton mixing matrix. In Eq. (12) we have used the Casas-Ibarra parametrization [34] for the coupling Y N , with O an arbitrary orthogonal matrix. F I and F II are the fractions of contributions to neutrino mass matrix from the radiative scotogenic and tree-level type-II seesaw mechanisms respectively, with F I + F II = 1. Boltzmann equations.-As stated above, the matter asymmetry is generated from the interference effects between two tree-level diagrams, which are shown in Fig. 2 for our scotogenic type-II seesaw model. In particular, we analyze the 2 → 2 ∆L = 2 scattering processes
which include η ± η ± → α β , η 0 η ± → α ν β and η 0 η 0 → ν α ν β . These processes can be mediated by an s-channel triplet scalar ∆, and also by RHNs N i in the t-and u-channels, as shown in Fig. 2 . The effective CPasymmetry factor [cf. Eq. (3)] is given by
where Γ ∆ is the triplet scalar width. Here the imaginary part comes purely from the combinations of the Yukawa couplings Y N , Y ∆ [cf. Eq. (8)] and the trilinear coupling µ η∆ [cf. Eq. (9)], which can be parametrized as
In general the O matrix might also be complex, thus contributing to the imaginary part in Eq. (16) . It is interesting that part of the same 2 → 2 process (14) containing η 0 also contributes to the (co)annihilation of DM particles. In this sense, the time evolutions of the DM relic density and the lepton asymmetry are related, as we will see below. The freeze-out mechanism for the DM is identical to the standard inertdoublet case [36, 37] , where we can have ηη → SM SM Table I . Right: Net baryon number density Y∆B as function of the ∆-mediator mass, for three different values of |µη∆| (with the argument of π/2) for each of the three benchmark points in Table I The genesis of DM relic density and leptonic asymmetry are both governed by the coupled Boltzmann equations
where z = m η /T , Y (eq) i ≡ n (eq) i /s are the normalized number densities (in equilibrium) for the particles i (s being the entropy density), Y ∆L = Y L − YL, r η = Y eq η /Y eq , and H(z) = 8π 3 g * /90 m 2 η /(z 2 M Pl ) with M Pl the Planck scale and g * the number of relativistic degrees of freedom at temperature T . Here σv are the thermally-averaged annihilation/scattering rates: σv (ηη → SM SM) is the DM annihilation rate, σv tot (ηη → LL) is the thermally-averaged scattering cross section for ηη → LL that includes also the ∆L = 0 processes such as η + η − → + − , whereas σv δ (ηη → LL) only includes the ∆L = 2 processes listed below Eq. (14) . The expressions for all thermal cross sections in Eq. (18) are collected in the Appendix. Evaluating the Boltzmann equations above, one can obtain the lepton asymmetry Y ∆L (z), which is then converted to baryon asymmetry Y ∆B = −(28/51)Y ∆L [38] via the standard electroweak sphaleron processes [39] at the sphaleron transition temperature T sph . In an analogous way, one can also calculate the evolution of the DM density Y η from Eq. (17) and get the final relic abundance Ω DM h 2 = 2.755×10 8 Y η (m η /GeV) at DM freeze-out temperature T f m η /20.
Numerical results.-We solve the Boltzmann equations (17) and (18) numerically for three representative benchmark points (BP1, BP2, BP3) given in Table I in the Appendix, obtained by implementing our model in SARAH 4 [40] and after checking consistency with all existing experimental constraints. We assume F I = F II = 1/2 in Eqs. (12) and (13), i.e. equal contributions from scotogenic and tree-level type-II seesaw to neutrino masses. This choice maximizes the CP -asymmetry in Eq. (16), subject to keeping other factors the same. In addition, the O matrix is taken to be identity, so that O m 2 ν O T = m 2 ν , and the mass parameter µ η∆ is assumed to be purely imaginary in Eq. (16) . The RHNs are taken to be much heavier than the η particles to avoid the washout of lepton asymmetry from the inverse decay processes Lη → N i . For the benchmark points we take, the mass splitting m ηI −m ηR is larger than 100 keV scale, such that the direct detection constraints for inelastic scattering of DM with nucleons [41] [42] [43] can be evaded.
The evolutions of the DM relic density Ω DM h 2 and the baryon asymmetry Y ∆B are evaluated using micrOMEGAs 5.0 [44] and the results are presented in Fig. 3 . In the left panel of Fig. 3 , we have shown the time evolution of the DM relic density by red solid, dashed and dotdashed curves for BP1, BP2, and BP3 respectively. The observed value of the relic density is obtained in each case by fixing the Higgs-DM quartic couplings λ ηH = −λ ηH = λ ηH in Eq. (9) for a given mass scale (µ η ) as shown in Table I . The magnitude of the required Higgs-DM quartic coupling increases with the DM mass as the effective freeze-out cross-section goes as σv ∼ λ 2 Hη /m 2 η . For each choice of the DM mass, the maximal contribution to the baryon asymmetry comes in the vicinity of the s-channel resonance in Fig. 2 i.e when 2m η → m ∆ . So in the left panel of Fig. 3 , we have fixed the ∆-mediator mass at the resonance point and have satisfied the required baryon asymmetry by appropriately fixing the trilinear coupling µ η∆ as shown in Table I . We find that the size of the trilinear coupling needed for the asymmetry decreases as the mass of the DM increases.
The effect of the trilinear coupling µ η∆ and of the mediator mass on the baryon asymmetry is further illustrated in the right panel of Fig. 3 . For each of the three BPs given in Table I , we show the variation of Y ∆B as a function of the mediator mass for different values of µ η∆ (as shown by the solid, dashed and dot-dashed lines with green, blue and red corresponding to BP1, BP2, and BP3, respectively). The enhancement of the asymmetry at the resonance point where m ∆ = 2m η can be clearly seen. Also, increasing the size of the trilinear coupling results in a larger asymmetry, as expected. We have fixed the trilinear coupling for each BP in Table I to be the minimum value for which the observed baryon asymmetry can be obtained at the resonance. Note that for larger trilinear couplings, one can also achieve the observed asymmetry away from the resonance point.
Collider signals.-The BPs chosen for our model to simultaneously explain baryogenesis, dark matter and neutrino mass involve TeV-scale beyond SM scalars and heavy RHNs which can be directly tested at current and future high-energy colliders. For instance, the neutral and charged triplet scalars can be directly searched for at the LHC [45, 46] , as well as in future HL-LHC [47] [48] [49] [50] [51] , 100 TeV hadron colliders [50, 52] and lepton colliders [53] , or indirectly probed in the high-precision low-energy experiments like MOLLER [54] . The charged η ± scalars can be produced in association with the neutral DM particle through the W boson, i.e. pp → W * → η ± η 0 → η 0 η 0 W ( * ) [55] . The inert doublet scalars can also be produced from their couplings to the SM Z boson via pp → η R η I j or the SM Higgs through pp → η 0 η 0 j (with j being an energetic jet) [56] . The inert-doublet sector can then be constrained by the mono-W [57, 58] and monojet [59, 60] searches at the LHC. Our model can in principle be distinguished from the pure scotogenic or pure type-II seesaw model at colliders using both inertdoublet and triplet-scalar signatures.
In the scotogenic model, the RHNs do not mix directly with the light active neutrinos. For our chosen BPs, the heavy RHNs are heavier than the inert-doublet and can only be produced at high-energy colliders from the off-shell decay η ± * → α N i , followed by N i → ηL α . Due to the Majorana nature of the heavy RHNs, we can get same-sign dileptons, as in the Keung-Senjanović process [61] , but now with missing transverse energy (MET) due to the presence of η 0 in the final state. The SM background for ± ± +MET is expected to be higher than that without the MET, and a detailed simulation is needed to estimate the prospects of RHN signals in this model at future colliders.
Conclusion.-We have proposed a new technique to generate the observed baryon asymmetry of the universe via the tree-level interference of 2 → 2 scatterings. This is possible when we have at least two subprocesses in the 2 → 2 scatterings or 1 → N (with N ≥ 3) decays. The asymmetry comes from the absorptive part of the propagators. We have illustrated this mechanism explicitly in a well-motivated scotogenic model with type-II seesaw, in which the asymmetry is generated in the ∆L = 2 processes ηη → L α L β mediated by s-channel triplets and t or u-channel RHNs. The neutrino masses receive contributions from both scotogenic and type-II seesaw mechanisms. The real part of the neutral component of the inert doublet η serves as a DM candidate. As shown in Fig. 3 the observed baryon asymmetry and DM relic density can be achieved for (sub)TeV inert-doublet and triplet masses. matrix for the real scalars reads
from which we can get the two mass eigenvalues for the Higgs and scalar ∆ 0 R which is the real part of ∆ 0 . In the case of µ H∆ ∼ O(100) keV, the two CP-even scalar masses turn out to be
with the first one (h) identified as the SM-like Higgs boson. The masses of the pseudo-scalar and the charged scalars from the triplet are
Finally the masses for real scalar η R , pseudo-scalar η I and the charged scalars η ± from the Z 2 -odd doublet η are respectively m 2 ηR,I = 1 2 2µ 2 η + (λ Hη + λ Hη ± λ Hη )v 2
Thermal cross sections.-The general expression for the thermally averaged cross section for the processes in Eq. (17) is given by [44] σv
where T is the temperature, K i the modified Bessel functions of order i,
λ(x, y, z) ≡ x 2 + y 2 + z 2 + 2xy + 2xz + 2yz , (30) M is the amplitude for the process i 1 i 2 → f 1 f 2 . In Eq. (17) σv δ (ηη → LL) is for the amplitude given in Eq. (15) which produces the lepton asymmetry. σv tot (ηη → LL) and σv (ηL → ηL) are respectively for the amplitudes: 
The cross section σv (ηη → SM SM) in Eq. (17) can be found in [36, 37] , with "SM SM" referring to the all the possible channels involving the quarks, leptons, scalar and gauge bosons in the SM. Benchmark points.-The three BPs used in our numerical analysis of the baryon asymmetry Y ∆B and DM relic density Ω DM h 2 [cf. Fig. 3 ] are collected in Table I . Fig. 3 . All the quartic couplings in Eq. (9) not listed in this table are set to be zero. Here ∆m η 0 = mη R −mη I is the mass splitting between the two scalars ηR and ηI. 
